A theoretical study of equilibrium constants of a series of amines and amino acids having a potential for being solvents in post combustion CO 2 capture processes has been performed. Density Functional theoretical calculations at B3LYP/6-311++G (d, p) level of theory are used for studying solvation energies and gaseous phase energies. The PCM and SM8T continuum solvation models are used for studying reaction energies in solution. Potential amines and amino acids based on the qualitative comparisons are suggested for CO 2 absorption in post combustion capture plants.
Introduction
In order to avoid potentially disastrous effects of anthropogenically induced climate change, the emission of greenhouse gases needs to be drastically reduced [1, 2] . CO 2 is a major greenhouse gas and recent studies estimate global man-made CO 2 emissions of 24 gigatons [3] . Capture of CO 2 from the gases produced by combustion of fossil fuels and biomass in air is referred to as post-combustion capture (PCC), which is the most developed technology for CO 2 capture to date. In PCC exhaust gas from power plants is brought into contact with a solvent at relatively low temperatures in an absorber column. Amine solutions, e.g. MEA, are widely studied solvents for this technology. Solvent is regenerated in a stripper at increased temperature and CO 2 is compressed and stored. CO 2 is transported to storage sites and the CO 2lean solution is recycled back to the absorber. This process is the basis for reactive solvent based PCC.
A major drawback of PCC is the high energy demands and a majority of this energy is required for regeneration of the solvent. These energy demands for a particular solvent depend upon various factors e.g. heat of regeneration, kinetics, toxicity and stability of solvent. To lower the energy demands for the PCC process, development of potentially improved solvent mixtures based on a good understanding of chemistry associated with CO 2 and solvent can be very helpful.
Chemistry of Amine and Amino Acid solvents in PCC
CO 2 reacts with the aqueous solvent system either to form bicarbonate/ carbonate, in an acid base reaction, or to form carbamate. The overall potential of a solvent can be known to a great extent by knowing the equilibrium constants governing the formation of these species. Reactions of CO 2 with water (equation 1 and 2) and deprotonation of water (equation 3) have been studied extensively earlier [4] [5] [6] [7] [8] [9] . K denotes the thermodynamic equilibrium constant of reactions respectively.
(1)
Reaction 4 and 5 describe the deprotonation of amine and amino acids. The equilibrium constants of deprotonation for many amines and amino acids can be shown by equation 4 and 5 as follows. 
Equilibrium constants for carbamate formation of some amines are available in the literature. The carbamate equilibrium constant for MEA is measured by titrating carbamate solution with NaOH [10] , from vapour liquid-equilibria (VLE) measurements [11, 12] , and from NMR studies [13] [14] [15] . Carbamate stability constants of MEA, 2-amino-2-methyl-1-propanol (AMP) and diethanolamine (DEA) were determined by using C 13 NMR spectroscopy by Sartori and Savage [16] . Other amines such as MDEA [17] , piperazine [17, 18] , ammonia [19] , diglycolamine and diisopropylamine [13] , 2-(2aminoethyl)aminoethanol [14] and some synthetically prepared, more complex amines [20] have also been investigated, both through NMR speciation studies and/or vapour liquid equilibrium (VLE) measurements. However, literature data for amine carbamate stability constants are very scarce but absolutely necessary to identify precisely various factors which effect carbamate chemistry in PCC solvents. In the present work carbamate stability constants for a set of amines and amino acids are predicted by using molecular modelling studies. In literature we have also found theoretical studies on carbamate stability constants by Chakraborty et al. and da Silva et al. [21, 22] .
Computational details
Gas phase basicity is calculated by using Density Functional Theory (DFT) with B3LYP functional at 6-311++G (d, p) basis set level. Initial conformer search for amine, amino acids and their carbamates was carried out at HF/6-31G* level in SM 5.4A [23] . Potential conformers were then optimized at B3LYP/6-311++G (d, p) level in gaseous phase and aqueous phase. The most stable conformers for amine and amino acid carbamate taken from the present study are shown in figure 1 . Single point energy calculations on this optimized geometry of the molecules obtained were used to study the solvation effects with PCM [24] and SM8T [25] continuum solvation models. PCM calculations and gaseous phase frequency calculations were done using Gaussian 03 software [26] . All calculations were done using Density Functional Theory (DFT) at B3LYP/6-311++G (d, p)//B3LYP-6-311++G (d, p) level. The implementation of the PCM model can be invoked using the Self-Consistent Reaction Field (SCRF) keyword in combination with PCM-specific modifiers. SM8T calculations were done in gamessplus using Density Functional Theory at B3LYP/6-311++G (d, p)//B3LYP-6-311++G (d, p) level. 
Results and Discussions
The set of amines and amino acids studied in this work is presented in table 1. Amines and amino acids are regarded as potential solvents for post combustion CO 2 post combustion capture. MEA is taken to be conventional amine which is used in PCC. It is also studied in the present work and all other molecules are compared to MEA for various properties. Table 1 also lists experimental basicity data of molecules at 298 K. [32] . h Datta et al [33] . i Littel et al [34] . j King et al [35] . k Hamborg et al [36] . l May et al [37] . m Andrews et al [38] . n Datta et al [39] . o Pelletier et al [40] . p Smith et al [41] . q Anderson et al [42] . r Nagai et al [43] .
In figure 2 the thermodynamic cycle used for calculating the carbamate stability constant is shown. From this thermodynamical cycle it can be seen that free energy in solution can be obtained as a summation of free energy in gaseous phase and solvation energies of different species. The thermodynamic cycle plays an important role in understanding the contributions of different terms in the total free energy of solution and different methods and levels of theories can be used. The importance of different thermodynamic cycles in calculating reaction energies is also explained in the literature [44]. In Table 2 , gas phase free energies for amines and amino acids along with their carbamate constant calculated at B3LYP level are given. B3LYP results are shown to be more accurate than other levels of theory by da Silva et al. for similar molecules [22] . The same level of theory is used in the present calculations. In table 3, solvation energies calculated with the PCM and SM8T models are given. Also reaction energies for reaction (6) by using both the PCM and SM8T models are given in the table. None of the PCM and SM8T models are parameterized for ionic species, so solvation energies for amine carbamate and amino acid are expected to deviate from experimental results.
In Figure 3 , graph 1 and 2, carbamate formation energies in kcal/mol are plotted against bicarbonate formation energies from the PCM and SM8T continuum solvation models respectively. In graph 3 and 4, the free energy of reaction of carbamate formation from amine and CO 2 is plotted against the bicarbonate formation energy from PCM and SM8T solvation models respectively. By observing the graphs, it can be seen that amino acids seem to be able to make more stable carbamate than amines. Although the quantitative values of free energy of reaction should not directly be regarded as a measure of stability of the corresponding amine or amino acid carbamate. From Figure 3 graph 1 and 2 is seen that out of all amino acids studied, Sar and Pro seem to make less stable carbamates than other amino acids. This trend is observed from both PCM and SM8T calculations. Glu and Asp, which have low basicity, seem to form stable carbamate also. 2-methyl PZ and 1-methyl PZ seem to make less stable carbamate.
From Figure 3 graphs 3 and 4, it can be seen that as the carbamate stability of amines and amino acids comes closer, the basicity of the molecule and its carbamate stability seem to cancel each other out. The PCM model predicts low stability for the MEA carbamate while SM8T predicts it to be somewhat in the middle of the studied carbamate stabilities of amines and amino acids.
Conclusions
In this work, computational chemistry is used as a tool to calculate reaction energies of various reactions involved in the chemistry of CO 2 with aqueous solutions of amines and amino acids. It can be used to screen suitable solvents for PCC development. Amino acids are predicted to generally make more stable carbamates than amines. Piperazine derivatives are found to make less stable carbamates in comparison to other amines and amino acids studied. 
